Abstract: Several decades of research have shown that canopy gaps drive tree renewal processes in the temperate deciduous forest biome. In the literature, canopy gaps are usually defined as canopy openings that are created by partial or total tree death of one or more canopy trees. In this study, we investigate linkages between tree damage mechanisms and the formation or not of new canopy gaps in northern temperate deciduous forests. We studied height loss processes in unmanaged and managed forests recovering from partial cutting with multi-temporal airborne Lidar data. The Lidar dataset was used to detect areas where canopy height reduction occurred, which were then field-studied to identify the tree damage mechanisms implicated. We also sampled the density of leaf material along transects to characterize canopy structure. We used the dataset of the canopy height reduction areas in a multi-model inference analysis to determine whether canopy structures or tree damage mechanisms most influenced the creation of new canopy gaps within canopy height reduction areas. According to our model, new canopy gaps are created mainly when canopy damage enlarges existing gaps or when height is reduced over areas without an already established dense sub-canopy tree layer.
Introduction
In the temperate deciduous forest biome, the gap regime is characterized by the creation of relatively small gaps [1] . These openings, called canopy gaps, provide micro-environmental conditions, particularly light [2] , necessary for the establishment and growth of trees. They are created by the death or injury of one to several trees [3] , in comparison to canopy openings maintained by edaphic factors [4] . It is widely accepted that tree death in a forest is associated with the creation of a canopy gap. This assumption is implicitly prevalent in the literature because there is rarely acknowledgement that tree death does not always create a gap in the canopy (e.g., [5] [6] [7] ). Canopy height loss without canopy gap creation is a phenomenon that has been reported in the literature as a potential concern when estimating gap dynamics properties [8, 9] but has not received much attention. However, Senecal et al. [10] have shown, using multi-temporal Lidar (Light Detection and Ranging) data, that height reduction in the canopy left residual heights above what is usually considered a gap by most definitions-a process that [10] called canopy height erosion. Canopy height erosion was more frequent and covered more area than the creation of new canopy gaps in managed and unmanaged forests. They hypothesized that their result was possible only if sub-canopy trees were
Materials and Methods

Study Area
The study area was located in the temperate deciduous forest biome in southern Quebec, Canada. The unmanaged and managed forest stands were situated in the Forêt-la-Blanche preserve (45 • , respectively. One additional unmanaged forest stand was also located in the Papineau-Labelle fauna preserve. There were no indications of disturbances that were caused by humans in the unmanaged forest stands. The managed forest stands were subjected to partial cutting in 1993, 2000, or 2004 . Partial cuts in managed stands as they are performed in Quebec involve the removal of about a third of the basal area [32] . No forms of management were performed and no major natural disturbances occurred in any of the stands between 2007 and 2013. The prevalent tree species that were found in the stands are sugar maple Remote Sens. 2018, 10, 121 3 of 17 (Acer saccharum Marsh.), American beech (Fagus grandifolia Ehrh.), red maple (Acer rubrum L.), basswood (Tilia americana L.), eastern hemlock (Tsuga canadensis (L.) Carrière), and white ash (Fraxinus americana). Ironwood (Ostrya virginiana (Mill.) K. Koch) and striped maple (Acer pensylvanicum L.) are commonly found in gaps. All sites were chosen to be as similar as possible in terms of species composition, stand structure and abiotic attributes. Tree density was not measured in the sites, nor was the extent of logging in 1993, 2000 [33] . Many trees in the study area were damaged during the North American ice storm of 1998. Trees received between 40 and 100 mm of ice due to freezing rain, causing light to severe damage to the trees in this study area [34] . Beech bark disease [35] has been present for several years, resulting in the mortality of large beeches in the study area. Both these disturbances have led to the establishment of a dense layer of regeneration, many of them beeches, which have since grown to sapling or pole size.
Lidar Data Processing
Two Lidar datasets were acquired for this study ( Table 1) . Preprocessing of the dataset was done using the Terrascan software package (Terrasolid, Leppävaara, Finland). This treatment involved bird hits removal, data cleaning, and the classification of the Lidar points to separate ground points. Height models were generated following accepted procedures for multi-temporal Lidar data [36] . The Lidar data from the two acquisitions were co-registered to find potential systematic planimetric errors. After none were found, the ground hits were combined and were used to create a 50 cm resolution digital terrain model. The lowest ground point value was assigned to each pixel of the height model. Pixels without ground hits were filled by inverse distance weighted interpolation. The interpolation was done with the merged ground hits and an inverse distance power of 2. The digital surface models were completed using the same process, but separately for the 2007 and 2013 data, and with the highest non-ground hit points in each pixel. The canopy height models (CHM) were then produced by subtracting the digital terrain model from the 2007 and 2013 digital surface models. The 2007 CHM was subtracted from the 2013 CHM to produce the height change model. Positive values of the height change model mean growth and negative values mean canopy height reduction during the study period. Generation of height models was done in SAGA-GIS 2.2.3 [37] .
We detected height reduction areas (HRA) as groups of pixels where a reduction of a minimum of 1 m in height between 2007 and 2013 was observed. To form a HRA, the cluster had to be at least 5 m 2 in size ( Figure 1 ). This definition is similar to methods to detect canopy gaps, although it is not contingent on a specific height threshold. Its purpose is strictly to detect areas of canopy height loss. Within HRA, new gap pixels were detected as 2013 CHM pixels in the HRA of height 3 m or less, and for 2007 heights higher than 3 m, whereas canopy height erosion pixels were detected as 2013 CHM pixels of height more than 3 m high after height loss. This detection threshold was chosen when considering that a higher threshold would result in small sub-canopy trees or shrubs being considered as gaps [11] . Furthermore, a lower threshold might have allowed for some seedlings to grow vertically 
Field Sampling
Prior to fieldwork, sampling plots were delimited in the managed and unmanaged forest stands (9 in total, 100 m × 100 m each) in a geographic information system. The plots were located on homogeneous topography as much as possible. Fieldwork was conducted during the summer of 2014. We visited as many HRA as we could find within the plots and took extensive notes and photographs. A total of 178 HRA were visited in which we tried to identify visually the mechanisms that could have been responsible for height reductions large enough to be detected with the LiDAR data. We identified five tree damage mechanisms during fieldwork, which are branch breakage, tree bole breakage, tree uprooting, tree dying while standing, and tree bending. We did not go further than the damage mechanism, such as trying to identify tree disease or abiotic conditions. Each HRA could have more than one kind of damage mechanism and could have multiple trees with the same damage mechanism. We did not measure HRA or gap size in the field.
Twenty-two HRA (12%) were not considered because we were not able to find a probable height reduction mechanism during fieldwork. We also performed quality control of the dataset. This step was necessary because it was difficult to delineate the HRA boundaries in the field from below the canopy, even though we had the maps within a GPS. Using our notes, we identified HRA with incomplete data. The missing data was usually due to our being unable to find height reduction mechanisms in some portions of HRA. This happened for some large HRA, and in HRA with heights of residual trees over 10 m high. This led to the removal of another 32 HRA, so that the final dataset contained 124 HRA.
We also sampled the ground layer and understory structure along 100 m transects in one unmanaged site and one managed site cut in 1993. This step was initially done to verify if the 2007 and 2013 Lidar point cloud datasets could be reliably used to describe the sub-canopy structure, especially when there was vegetative material in the overstory. The two transects were part of an initiative to describe canopy stratification change over a range of time following partial cuttings. We established 100 m long transects by randomly choosing a starting location in each site. A Thales ProMark3 precision GPS (Magellan, San Dimas, CA, USA) with an external antenna was set up at this location. We then positioned rods every 10 m, using a Vertex III and T3 transponder (Haglöf Sweden AB, Långsele, Sweden) to measure distance, and used previous rods or the first GPS station for alignment to ensure we continued in a straight line. A second GPS of the same model was set at the end of the transect. The sampling units were delimited as 5 m × 5 m squares along the two 
We also sampled the ground layer and understory structure along 100 m transects in one unmanaged site and one managed site cut in 1993. This step was initially done to verify if the 2007 and 2013 Lidar point cloud datasets could be reliably used to describe the sub-canopy structure, especially when there was vegetative material in the overstory. The two transects were part of an initiative to describe canopy stratification change over a range of time following partial cuttings. We established 100 m long transects by randomly choosing a starting location in each site. A Thales ProMark3 precision GPS (Magellan, San Dimas, CA, USA) with an external antenna was set up at this location. We then positioned rods every 10 m, using a Vertex III and T3 transponder (Haglöf Sweden AB, Långsele, Sweden) to measure distance, and used previous rods or the first GPS station Remote Sens. 2018, 10, 121 6 of 17 for alignment to ensure we continued in a straight line. A second GPS of the same model was set at the end of the transect. The sampling units were delimited as 5 m × 5 m squares along the two transects. Within these squares, we visually estimated the percentage of leaf cover in 1-meter height increments. The estimation was performed entirely by the same two workers using a reference sheet with example patterns of leaf coverage with percentages associated. We used an SK-202 height measuring rod (SK-Senshin, Osaka, Japan) to partition vertical space accurately. As the rod had a maximum height measure of 8 m, we could only reliably measure percent leaf cover up to 10 m. Each GPS recorded location data for over 1 h. GPS data were post-processed using GNSS solutions (Magellan). Post-processing assessment of precision showed that the distance between the two GPS locations were distant by 100.80 m for the unmanaged forest and 101.72 m for the managed forest. Lidar point density was 3.8 points/m 2 and 6. We evaluated the correspondence between leaf cover density field data and Lidar point density using Kendall's Tau-b rank correlation coefficient. We identified distinct canopy layers in the transect data visually using the Lidar data and the field data to determine presence or absence of trees in each 5 × 5 × 1 m sampling units. We used the classification of [29] for the visual interpretation of vertical stratification. The ground layer was set as heights below 3 m, understory was set as heights between 3 m and below 10 m, mid-canopy was set as heights between 10 m and below 17 m, and upper canopy was set as heights 17 m and above. We then determined whether the canopy top was a single layer structure in the overstory or not. We performed a visual estimation of the number of canopy layers that were occupied by trees using the field data and Lidar data. The complete data used for this is provided in the Annex (Figures A1-A4 ). We further distinguished the cases in which there were trees in only one canopy layer, especially if it was the overstory, as those trees are more likely to die than trees in lower parts of the canopy.
Statistical Analysis
The analysis was conducted using a multi-model inference framework [38] . We built two models to represent how the competing hypotheses could best explain the creation of new canopy gaps within the HRA that were sampled during fieldwork. HRA is the sampling unit for the statistical analyses. We tested two possible models to explain canopy gaps. The first model was assessed using the presence or absence of new canopy gaps, which were detected with the 3-m height threshold and variables indicating whether tree damage mechanisms were found in the HRA (Table 2) . This model is called the MECHANISMS model. The uprooted mechanism could not be put in the model because it was too infrequent in the plots. HRA with uprooting were therefore removed from the statistical analysis. The second model was assessed using the area of HRA and the adjacency of HRA to older gaps (i.e., openings with a height equal to or lower than 3 m in 2007). This model is called the STRUCTURE model. Older gaps either remained opened or became closed between 2007 and 2013. We expected that these two variables would be related to sub-canopy structure because larger HRA would have a higher probability of revealing the absence of sub-canopy trees. The older gap adjacency variable was added because we noticed that areas without understory trees were spatially clustered, meaning that the absence of sub-canopy vegetation could extend farther than gap edges under the canopy. The models were constructed using mixed-effects logistic regression models with a logit link. The sites were input as random effects to account for pseudo-replication. The models were then ranked with AICc in R 3.4.0 with the AICcmodavg and lme4 packages. The receiver operating characteristic curve (ROC) and the Nagelkerke's pseudo-R 2 were used to assess the performance of the model [39] . We performed a post-hoc analysis using two-sided Fisher's exact test on 2 × 2 contingency tables of the frequencies of tree damage mechanisms and gap presence or absence. This was done to find evidence of specific tree damage mechanisms influencing the HRA. 
Results
Comparing the Structures and Mechanisms Models
The model with the most support for predicting presence or absence of gaps within HRA was the STRUCTURE model (Table 3) . This model received all of the AICc weight, indicating that the MECHANISMS model is very unlikely to explain new gap creation. The site random effect parameter in the STRUCTURE model had a variance of 0; further tests indicated that the random effects parameters were not different between sites-meaning that the mixed-effects model was essentially a regular generalized linear model. As a result, we analyzed the STRUCTURE model as a regular generalized linear model in the next analyses. The area under the ROC curve was 0.88, which indicates that the model has good discriminatory power [39] . The model also had a Nagelkerke's pseudo R 2 index value of 0.49.
The STRUCTURE model equation is:
which indicates that larger HRA have a higher chance of having gaps and also that HRA that are adjacent to older gaps also have an increased chance of containing a new gap. 
Tree Damage Mechanisms
There was no major disturbance in the study area between 2007 and 2013. Consequently, indications of sudden or major tree deaths were rarely observed during fieldwork campaigns. Only around 23% of validated HRA had gaps in them at the 3 m height threshold. Among the tree damage mechanisms that were recorded in HRA, the most frequent were, in order of importance, standing dead tree (44%), broken bole and broken branch (both 35%), tree bent (22%), and uprooted tree (3%). Table 4 shows the association between the frequencies of tree damage mechanisms and the presence or absence of canopy gap creation within HRA.
Canopy Structure
The analysis of rank correlation between Lidar point density and leaf cover field data showed significant positive correlations for the available data in the first 10 m from the forest floor in the Table 4 . Contingency tables of presence or absence of gaps, adjacency to older gaps and tree damage mechanisms within all height reduction areas (HRA) sampled in the field. HRA can have more than one tree damage mechanism. Absence and presence denote whether we found or not the given tree damage mechanism within HRA during fieldwork. Gap/no gap indicate whether there were gap pixels or not detected in the HRA with the Lidar data and a gap detection height threshold set at 3 m. Visual examination of the leaf cover data showed that the 2013 Lidar dataset could be used to detect sub-canopy structure. However, the 2007 Lidar dataset had occlusion issues that might be due to poor canopy penetration by Lidar. This phenomenon is more apparent in the unmanaged forest ( Figure 2 ) than in the managed forest ( Figure 3 ). We could not use the 2007 dataset to detect understory and ground layer structure when the Lidar point density was lower than 6 points/m 2 . Thus, we only described canopy stratification using the field data and the 2013 Lidar dataset.
Broken bole
Inspection of the point cloud profiles showed that canopy structure was characterized by a heterogeneous and complex leaf distribution that varied over short distances (Figures 2 and 3) . Managing the forest by partial cutting promoted complex multi-storied leaf vertical distributions, while a single-layered structure was almost twice as frequent in unmanaged forests (Table 5) . A significant proportion (60-66%) of the single-layered structures were from trees in the overstory. By itself, co-occurrence of single-layered structure and HRA can explain new canopy gap frequencies. Indeed, if one multiplies the frequency of HRAs (found in Table 1 of [10] by the frequency of single layer canopy structure in the overstory (from Table 5 ), we obtain a gap creation rate of 3.6% for the unmanaged and 1.7% for the managed sites. This assumes that the mortality in the overstory is the same as in the mid-canopy and understory, which is unrealistic. The same calculation using single layer canopy structure with the top of trees in the overstory gives a gap creation rate of 2.2% for the unmanaged forest and 1.1% for the 1993 site. 
Discussion
Tree Damage Mechanisms
Most tree damage did not result in new gap creation. This was a surprise as our previous fieldwork for characterizing gaps using mono-temporal Lidar data had presented convincing evidence that some tree damage mechanisms often resulted in the destruction of sub-canopy vegetation [40] . Instead, most of the tree damage that occurred during this study period had no noticeable effect on sub-canopy trees.
In our dataset, standing dead trees was the most prevalent tree damage mechanism. Gradual canopy opening is likely to promote the establishment and growth of sub-canopy vegetation [26, 41] . Following model selection, we did a post-hoc visual analysis of the tree damage mechanisms with the spatial data of canopy gaps and erosion in order to make better sense of the rejection of the MECHANISMS model. We observed that beech often died standing in clumps due to the effects of beech bark disease and their clumped spatial organization-due in part to their root sprouting ability [42] . These dead beech clumps generated large HRA that created small gaps. Consequently, it appears that gradual tree death, even if it happens in a clumped pattern, may not lead to a complete occupation of the ground layer. This situation is surprising as gradual tree death might be expected to increase the light availability in the understory before complete tree death, thus favouring sub-canopy tree establishment and growth.
The high frequency of the tree bending damage mechanism was a surprise because this is not usually reported in gap studies. However, in this current study it occurred in 22% of HRA sampled, so it is not a rare event. We suspect that tools that have been traditionally used to study forest canopy dynamics did not allow for the estimation of the importance of canopy height erosion processes and the associated tree damage mechanisms, like tree bending. Tree bending is usually caused by strong winds [43] or ice accumulation [44] . Observation in the field indicated that this type of damage mainly affected understory trees without taller trees growing directly overhead. Yet, this damage mechanism was not associated with gap creation, probably because bent trees remained alive and thus retained a horizontal tree crown that was located several meters above ground. In fact, we observed that quite rapidly after the tree-bending event, branch angles changed in order to provide the bent trees with a new dominant apex.
The few uprooted trees we observed during fieldwork often damaged sub-canopy trees. Three of the four HRA with an uprooted tree had a new canopy gap associated with it. However, uprooting was quite rare in the sampling plots; there were not enough samples to draw a clear conclusion about that mechanism. This rarity was surprising since uprooting is usually presented as a frequent and major tree damage mechanism [3, 45, 46] .
We were also surprised to see so few gap creations in HRA with broken trees, since we expected this mechanism to cause destruction of sub-canopy vegetation, if present. While the probability of having a new gap after a broken tree event is significantly higher than the overall new gap probability (40% vs. 23%), there is still 60% of HRA with broken boles that did not result in a new canopy gap. During fieldwork, we saw several examples of very large trees that had broken without creating canopy gaps. The crown of a broken tree often fell outside of the HRA or did not damage the shorter sub-canopy trees.
Sub-Canopy Structure as the Main Driver of New Gap Creation
The model selection procedure showed that the canopy structure model, STRUCTURES, was better at explaining the presence or absence of canopy gaps than the tree damage mechanism model, MECHANISMS. The model's parameters can be interpreted to mean that either (1) HRA not adjacent to a pre-existing gap with an area greater than 137.7 m 2 , or (2) HRA adjacent to a pre-existing gap with an area greater than 42.3 m 2 , were more likely to contain a new canopy gap. Obviously, this result is related to the specific structure of the forests studied here. A higher frequency of single layer canopy structures would probably have led to a higher frequency of new canopy gaps, even if the frequency of HRA was kept the same. This would have given a model with different parameters-requiring smaller HRA to find canopy gaps. What this means is that canopy gap formation is likely to be very much influenced by the canopy structure, which is itself influenced by species composition and previous disturbances.
The choice of height thresholds for detection of HRA and new canopy gaps also influences the model parameters. We made these choices based on our research objectives and our best judgment. We are confident that our core results would be reproducible in a similar context. However, extrapolating our findings to another site would need to be well justified. Furthermore, the occlusion of Lidar beam by canopy trees was problematic for the detection of sub-canopy trees, especially for the 2007 Lidar data. Others have reported such problems before due to occlusion or Lidar scan angles [47, 48] . We did not correct for these issues as we were investigating whether we could visualize canopy layering using our dataset. Such corrections would have benefited from reliable field data on leaf coverage over 10 m, which we did not have and are very difficult to measure. Not taking canopy occlusion into account probably explains why correlation between field measurements and Lidar density was low, yet significant. Future work will address this issue specifically.
We expect that canopy structure will remain the most important determinant in gap presence or absence, but this effect might not be detected if trees in the understory and ground layer are infrequent. Parker et al. [29] reported the presence of trees in the understory in 40% of his temperate deciduous sites. In our study area, the percent cover of trees in the understory is much higher. It is also clear that this high frequency of trees in the understory and ground layer led to our finding that structure better explains the presence or absence of canopy gaps.
Sylvicultural Implications
Silvicultural systems that aim to develop old-growth attributes by creating canopy gaps [49] might be missing some important canopy mechanisms in some forests, as reported in this study. As shown here, canopy height erosion after tree damage was unexpectedly common, and it might be an important element in maintaining the dynamics and biodiversity of some temperate deciduous forests. It is unlikely that traditional silvicultural practices, particularly those using large machines, can reproduce the intricacies of canopy height loss without gap formation, as shown in this study. Alternative sylvicultural methods might be better suited to forest stands presenting old-growth attributes (e.g., [50] ). Of course, our results would have been different if there had been a major disturbance occurring a few years prior to or during our study. Return intervals for major disturbances vary widely by location [51] . Such events might have led to more significant tree damage and more destruction of the abundant sub-canopy vegetation, which would have given rise to different tree death patterns [52] . However, these events are relatively rare, despite having long-lasting effects on forest dynamics [53] . Current silvicultural practices are probably better at emulating larger disturbance events than those investigated in this study. Forest ecosystems are more complex than people currently expect and can vary considerably over space and time [54, 55] .
Conclusions
Our results clearly show that the premise that tree death necessarily creates canopy gaps is false. Tree death processes are more multifaceted than people usually expect [56] . Our results show that we still do not fully understand gap creation processes. Researchers have ignored canopy height erosion for decades, despite knowing that trees in natural temperate deciduous forests need more than one canopy opening over them to reach a dominant position [57] [58] [59] . Multi-temporal Lidar data can help overcome this issue when height changes inside and outside canopy gaps are examined. This provides a clear advantage when compared to field observations. Furthermore, canopy gap frequency is not a good indication of tree death frequency in forests with a complex structure. We had trouble finding tree damage mechanisms in some HRA, despite having good evidence and localization of canopy height loss. We cannot expect people to be able to find tree damage mechanisms by looking up while Remote Sens. 2018, 10, 121 13 of 17 walking in the woods. There are probably similar issues with canopy height erosion in other biomes as well, especially in tropical forests where the canopy is even higher than in temperate forests. Future studies are needed to develop better canopy gap models in order to understand forest dynamics.
The tree damage mechanisms described in this study were not restricted to those usually investigated in gap studies because all the height reductions were surveyed, not just canopy gaps. This shows that investigating only canopy gaps gives an incomplete account of canopy dynamics. This calls for a re-examination of the usefulness of the canopy gap concept, at least regarding gap creation. Future studies will need to better describe canopy structure if researchers persist in using canopy gaps to describe forest dynamics. Multi-temporal Lidar data has been shown to be particularly suited for this task.
Information on canopy structure in gap studies (e.g., height distribution, canopy stratification) is often missing or too vague (e.g., mean canopy height) to be of any use to forest managers. In this study, multi-temporal canopy structure information enabled us to better explain the frequency of new canopy gaps, irrespective of tree damage mechanisms, and the usage of this kind of information is likely to become more widespread as its usefulness is recognized.
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